Industry migration to leadfree solders has resulted in a proliferation of a wide variety of solder alloy compositions. The most popular amongst these are the Sn-Ag-Cu family of alloys like SAC lOS and SAC30S. Electronics subjected to shock and vibration may experience strain rates of 1-100 per sec. Electronic product may often be exposed to high temperature during storage, operation and handling in addition to high strain rate transient dynamic loads during drop-impact, shock and .
Introduction
Solder joint cracking is one of the predominant failure mechanisms in electronic products exposed to high G loads in shock and vibration environments. Board assemblies are often subjected to a large amount of deformation in shock and vibration conditions resulting in accrued damage in the solder interconnects. Failure may occur in the first shock event or may result from cumulative damage from successive shock events. Therefore, a comprehensive understanding of solder alloy can play a great important role in electronic design and optimization. The constitutive properties of the solder joints are needed to capture the stress-strain behavior during transient deformation. Anand [1982] , Brown [1989] developed a set of viscoplastic constitutive equations for rate and temperature dependent materials. The Anand Viscoplasticity model was originally developed to describe hot-working (e.g. in excess of a homologous temperature of O.ST m) of high strength aluminum and other structural metals and it has been extensively used to describe the viscoplastic deformation of Sn-Pb and lead-free materials. Anand model has been implemented in several commercial finite element software including ANSYSTM and has been applied to describe mechanical behavior of solder alloys in low strain rate by a number of researchers. Leaded and Leadfree solder mechanical properties have been measured by previously, researchers with tension tests at low strain rates (f: < 1 per sec) at different temperatures. The Anand Viscoplasticity model has been applied to both SnPb and lead-free materials. Darveaux [1992] has developed constitutive relations for Tin-Based solder joints at range of strain rates between 10-8 and 10-1 per sec. Sung [2002] represented the mechanical behavior of Sn-Pb solder with a viscoplastic model by combining grain boundary sliding and matrix dislocation mechanism. Chen [2006] presented a constitutive equation for Sn-Pb solder including the kinematic hardening rule. Wang [2007] has determined the Anand model constants for lead-free material (9S.SSn4.0AgO.SCu). Motalab [2012] used both stress-strain and creep data to determined Anand constants at low strain rates (f: = 0.001, 0.0001, 0.00001 per sec). Pang [1998] has shown that young's modulus and yield stress of Sn-Pb are highly depended on strain rate and temperature. Pei [199S] executed tensile tests over a wide range of temperatures and low strain rates (10-5, 10-3, 10-1 per sec) with two types of lead free materials (96.SSn3.SAg and 9S.SSn3.8AgO.7Cu). In addition the effects of room temperature aging on lead free solder alloys properties have been evaluated by [Chuang 2002 , Coyle 2000 , Darveaux 200S, Lee 2002 , Pang 2004 , Zhang 2009 ] at low strain rate events «1 per sec). Constitutive models for leadfree solders at high strain rates are scarce. Lall [2010 Lall [ , 2011 has studied the mechanical properties of lead-free alloys, at different high strain rates (f: = 10, 3S, SO, 7S sec-I) and aging conditions, and shown the mechanical behaviors of solder joints are varied largely in different high strain rates conditions and aging days. High speed data acquiring system has been built to measure transient deformation of lead free materials at high strain rate. In the past, Digital Image Correlation (DIC) has been widely used to measure full field displacement and strain, when electronic products exposed to drop and shock events (Lall [2008 ). In this study, the high strain rate properties of SnlAgO.5Cu (SAC 105), Sn3AgO.5Cu (SAC305) lead-free solder alloys at high temperatures have been measured. The measurement of the SACI05, SAC305 properties at high temperature is new. An impact hammer has been used in conjunction with digital image correlation and high-speed video for measurement of material constitutive behavior of lead-free SAC alloys in the strain rate range of 1-100 per sec has been captured. Anand constants have been estimated based on those stress-strain curves over different temperatures and strain rates. In addition, the accuracy of the extracted Anand constants has been evaluated by comparing the model prediction with experimental data.
Sample Preparation
Specimens which tested at high strain conditions were formed by using a vacuum suction process in high precision rectangular cross-section glass tubes, as shown in Figure l . Firstly, cutting leadfree solder bar into pieces and then putting those into a quartz crucible. These solder specimens will be melted in this crucible by using a solder pot which maintained temperature around 240°C. One end of the high precision rectangular glass tube insert into the melting solder alloy. The other end of the glass tube needs to be plugged into a rubber tube which has been connected to a vacuum pump. This pump provides consistent pressure to make sure the melted solder comes into glass tubes from crucible. In order to get a desired amount of solder rise into glass tubes, as shown in Figure 1 , a regulator must be introduced to control suction forces on vacuum line. Then the glass tube has been removed from the heated crucible.
Water quenching method has been employed to decrease the temperature of specimens from high. After this, a reflow oven (9 zones Heller 1800EX L) has been applied to re-melt the solder strip through a user defined temperature profile. Thermocouples were attached to the glass tubes and monitored continuously using a radio frequency KIC temperature profiling system to ensure that the samples are formed using desired temperature profile (same as commercial solder joints). Figure 4 shows the reflow temperature profile used for the reflow of the samples. The final solidified solder samples can be obtained by gently breaking the glass tube with vice after sample reflow and cool down. In the current study, uniaxial tensile test samples have been formed with nominal dimensions of 40 x 5 x 0.5mm. In order to match the typical BGA solder ball, a thickness of 0.5mm has been chosen. Solder strips are tested by x-ray machine to make sure that all the specimens used in experimentation are away from void, indentation or premature crack in the gage length, as shown in Figure 2 and Figure 3 . In this experiment, different weight impact-hammers have been used to obtain different high strain rates test at high velocity. A slip joint has been employed to control cross head, in order to attain a constant velocity prior to loading the specimen. An environmental chamber has been added to this testing system to control the inside conditions, which allows that samples can be tested over a wide temperature range of 25 to 300°C, A thermal couple has been attached to this chamber to monitor the instantaneous temperature. The load frame of this testing system incorporates a piezoelectric load-cell and a linear voltage displacement transducer. The force data is recorded with high speed data acquired system running at 5 million samples per sec through load cell. In addition, high speed cameras operating at 75,000 fps have been used in conjunction with digital image correlation for the measurement of deformation during the test and the displacement and velocity of cross-head has been computed. In the entire tensile test, the heavy impact hammer and the slip joint ensure the cross-head to obtain -2 1 11 -a high speed and maintain a constant velocity respectively. A desired velocity has been achieved before any specimen deformation during the test by the elongation of slip joint. This stable velocity eliminates inertia effects during different dynamic loading conditions.
Measurement of Cross-Head Strain Rate
Two high speed cameras have been set up in front of the instrument to monitor the instantaneous movements of the slip joint and impact hammer, as shown in Figure 5 90° I ;0.15m ; View from camera 1, as shown in Figure 6 (a). Two points, at the top and bottom of the specimen, have been monitored during running experimentation. Point A has been fixed at the frame and point B is moving along with cross head. View from camera 2, as shown in Figure  6 (b). Three points have been used to monitor the complete tensile testing event. Point 1 is fixed to the frame and serves as a reference. Point 2 is attached to the impact hammer to follow the motion of free drop. Point 3 is attached to the bottom crosshead through the slip-joint. Moreover, all of these three targets have been mounted in a line and the same plane which is parallel to lens of camera 2. In the test, point 2 is moving due to the free drop of the impact hammer. This movement consequently causes a metal contact, and then point 3 begins to move with the slip joint. After this slip joint finishing its elongation, point B, shown in Figure 6 , /' /' �i�:';;:' " "' "
... ,4-' : It should be noted that from both the figures ( Figure 7 and Figure 8 ) time at which specimen starts deforming remain consistent. In Figure 8 , relative displacement of point B with respect to point A is highly linear for the raw data. Therefore, the current experimental setup is suitable to conduct high strain rate (quasi-static) material
Anand Visco plastic Model
Anand developed a constitutive equation for rate dependent defonnation of metals at high temperature. Although its original purpose is represent the defonnation of hot-working of steels and other structural metals, it has been adopted successfully to describe the Viscoplastic behavior of solder materials. This model unifies the creep and rate-dependent plastic behavior of the solder by making use of a stress equation, a flow equation, and an evolution equation. In addition, this model needs no explicit yield condition and no loading or unloading criterion. In uniaxial loading case (one dimension), stress equation can be described by cr = cs; c < 1
Where c (c<l) is a function of strain rate and temperature, s is the internal valuable.
Where i is the inelastic strain rate, � is the multiplier of stress, A is the pre-exponential factor, Q is the activation energy, T is the absolute temperature, R is the universal gas constant, and m is the strain rate sensitivity. Substituting Equation (2) in Equation (1):
Based on this equation, solving for E p which yields the flow equation:
Where s is the internal variable, s is assumed to be this fonn s = { ho cI BI)a 1 :I }Ep;Ca>l)
Where, B=l-� s*
and,
where ho is the hardening or softening constant, a( a> 1) is the strain rate sensitivity of hardening or softening process. The quantity S * represents a saturation value of defonnation resistance s, associated with a set of given temperature and strain rate. S is a coefficient, and n is the strain rate sensitivity of the saturation value of deformation resistance. For s< S * , B>O from Equation (6).
Then, Equation (5) can be simplify as,
Integrate on both sides to yield s=s* -{(s* -so)(I-a) + (a-I)[ho(s*raE p ]}X-a
Where s(O)=so is the initial value of s. Substituting Equation (7) in Equation (9):
Substituting Equation (10) in Equation (3) to get the final version of stress-strain relation:
From the final expression of stress-strain function, nine material constants of the unified rate dependent Anand model have been included: A, �, Q/ R, m, ho, a, so, S, and n. The set of Anand constitutive equations cannot only account for the physical phenomena of strain-rate and temperature sensitivity, but also strain rate history effects, isotropic strain-hardening and the restoration process of dynamic recovery. The Ultimate Tensile Strength (UTS) can be attained by simply assuming that c p goes to infinity.
Substituting this maximum tensile stress back in Equation (11) and rewritten as
Anand Constitutive Model Parameter Estimation
In order to estimate the nine material parameters to represent constitutive equations, tensile test have been conducted in a wide range of strain rates and temperatures. High speed data acquiring system can provide stress and strain data in each particular condition. The data has been fit by non-linear regression method. The nine parameters of the Anand model calculated using this method include A, �, Q/ R, m, ho, a, so, sand n. From the measured stress and strain data, the value of the ultimate tensile stress can be calculated for several strain rates and temperatures. Furthermore, the stress -strain curve in each specific temperature and strain rate condition can be modified to stress-plastic strain curve by simply converting the total strain to plastic strain. These nine parameters can be obtained by the following procedures.
l. Equation (12) should be employed to fit saturation stress vs. strain rate and temperature data to determine the value of the parameters A, n, Q/ R, m, S/�.
Determination of � and S. The parameter � was
selected such that the ratio of cr/s is less than unity and then S is calculated by the combined term s/� which has been decided in step. I 3. Equation (13) has been applied to fit stress vs. plastic strain data at different strain rate and temperatures to determine the values of parameters ho, a, So
Experimental Matrix
Uniaxial tensile testing has been conducted at 5 different temperatures (T = 25, 50, 75, 100, 125°C) and 4 different strain rates (i; = 10, 35, 50, 75 per sec) shown in Table l .
The dimensions of the specimen and method to test those samples are the same as described earlier in this paper.
For each set of test conditions, multiple samples were tested immediately after retlow process. Measured data were averaged to obtain the nominal material response at each particular test condition, as shown in Figure 9 . Then the optimal values of the nine Anand parameters for SACI05 and SAC305 materials have been extracted based on the experimental stress-strain curves over those wide range temperatures and strain rates. 
SA Cl 05 Properties
The mechanical properties for the SAC105 solder have been extracted from the Stress-Strain curves in Figure 10 to Figure 13 . Material properties for SAC105 solder alloys show sensitivity to strain rates and temperature. Figure 14 and Figure 15 illustrates the variation of initial effective Elastic Modulus (E), and Ultimate Tensile Strength (UTS) with temperature and strain rate. Figure  14 shows that Elastic modulus decrease as the testing temperature increases for all strain rates and Elastic modulus increase as the testing strain rates increases for all testing temperature. Similarly, Figure 15 shows that UTS decrease as the testing temperature increases for all strain rates and UTS increase as the testing strain rates increases for all testing temperature. Figure 16 -to- Figure 19 shows the measured stress-strain data for SAC305 over the 5 temperatures and 4 strain rates. All the mechanical properties of SAC305 have been extracted from the above curves shown in Figure 16 -to Figure 19 . Those material properties including the elastic modulus and the ultimate tensile strength (UTS) has been put in Table 6 -to- Table 9 . 
Determination of Anand Model Constants
By using the procedures that discussed in section on Anand Viscoplasticity, all the nine Anand constants have been determined from the stress-strain curves of leadfree solders at different strain rates and temperatures conditions. Nonlinear regression fitting method has been used to fit all the data from these curves. In all the cases, goodness of fitting has been achieved to get great prediction for simulation. The extracted Anand constants for high strain rates are listed in Table 10 .
-8 / 11 - 
SAC105 Model Validation
The Anand model stress-strain curves from the model predictions have been correlated with the experimental measurements of the stress-strain curve to determine the goodness of fit. Figure 24 to Figure 27 show the correlation between the Anand model predictions for the stress-strain curves and the experimental data for the 5 temperatures and 4 strain rates considered. In all cases, good correlation is obtained indicating that the extracted Anand model parameters provide a good fit to the experimental data. 
SAC305 Model Validation
Since all the parameters have been determined from the above procedures, constitutive relations to describe the mechanical properties of SAC305 can be achieved. It is possible to use this constitutive model to predict the behavior of this lead-free solder at each particular temperature and strain rate. All the stress-strain curves obtained in experiments have been correlated with the Anand Model in order to evaluate the goodness of fitting. Figure 28 -to- Figure 31 illustrates the correlation between the experimental data and model prediction. In all the cases including 5 temperatures and 4 strain rates, good correlations have been performed.
Summary and Conclusions
In this paper, Uniaxial tensile tests for lead-free solders were carried out at 4 high strain rates (E =10, 35, 50, 75 per sec) and 5 temperatures (T=25, 50, 75, 100, 125°C). High speed data acquiring system has been employed to capture the stress-strain curves. Procedures to determine the Anand constants from stress-strain curves at each particular condition were also established. Furthermore, a rate and temperature dependent constitutive model has been derived to describe the mechanical response of SAC105 and SAC305 at high strain rates. In addition, the accuracy of the extracted Anand constants has been evaluated by comparing the model prediction with experimental data. In all the cases, the predictive model correlated with mechanical response of SAC105 and SAC305 very well.
